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Abstract 
Riparian buffers are an important and widely used tool for soil conservation 
and water quality protection, but their effectiveness can vary depending on location. 
This study integrated spatially explicit hydrologic modeling and a GIS-based survey 
of riparian vegetation to identify critical sites for water quality management in a 
manner that can be practically applied to the field. Land along perennial streams 
was divided into management units representing potential buffer restoration sites by 
landowner tract boundaries. Customized lists of the management concerns, priority 
level, government funding programs, and most suitable conservation practices which 
may be applicable to sites (based on existing vegetation and terrain attributes) were 
developed for all sites. Results indicate that in all three of the study watersheds of 
northeast Missouri, the best opportunities for new riparian buffer installation occur 
along headwaters (first and second order) streams, but that higher order streams 
(fourth and fifth) also need attention to ensure proper buffer functioning by existing 
forest and grass communities. The methods used should be applicable to other 
watersheds due to the wide availability of spatial data. Results were published to an 
interactive mapping service online to assist landowners and watershed planners with 
determining conservation priorities. 
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Chapter 1. General Introduction 
Project description and introduction 
Riparian buffers, whether naturally-existing or restored, play an important role 
in maintaining and enhancing water quality in agricultural ecosystems. As an 
agroforestry practice, they exist as a fundamental component within a larger suite of 
tools geared towards achieving ecological and economic sustainability in 
agriculturally-driven regions all over the world (Montambault and Alavalapati, 2005). 
Evidence of their importance to natural processes, wildlife, and water quality is 
widespread and far reaching among the scientific community (Blanco-Canqui et al., 
2004; Boothroyd et al., 2004; Swift and Norton, 1993; Wang et al., 2005). 
However, some literature suggests that riparian buffers do not perform 
equally well at all locations in watersheds. Indeed, there is a multitude of factors 
which influence buffer performance at many scales, including but not limited to: soil 
properties, local and upslope topography, hydrogeologic setting, overland flow 
dynamics, age and species of buffer vegetation, size of the contributing area, and 
various anthropogenic factors (e.g. fertilizer rates, tillage systems, rotational 
practices, etc.) (Dosskey et al., 2002; Mander et al., 1997; Simpkins et al., 2002). 
Knowing this, a question for watershed managers and policymakers is that of an 
appropriately titled article authored by Bentrup and Kellerman (2004 ), ''Where 
Should Buffers Go?". 
This study attempts to address this question in the context of water quality 
improvement/maintenance in agricultural watersheds. A geographic information 
system (GIS) was used to analyze land cover, elevation, hydrographic, land 
ownership, and soils data to account for the variability in both terrain and soil 
properties which influence riparian buffer effectiveness at the watershed scale. 
Efforts were made to explicitly tailor both the results and the methods to be useful to 
watershed planners who provide technical assistance and oversight to the 
establishment of best management practices (BMP's) on private and public lands. 
Whereas the results presented in this thesis will primarily serve watershed planners 
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in the specific study locations, the methods described are applicable to other 
watersheds due to the wide availability of GIS data. 
The study consisted of two major parts: 1) an observational study of current 
vegetative land cover in the riparian zones of three northeast Missouri watersheds, 
and 2) site suitability modeling in the same three watersheds to develop a priority-
based system for planning future riparian buffer projects. The purpose of the first 
study was to gain a general overview of the riparian land use in the study areas, 
while the second portion of this project focused more specifically on extending the 
spatial analysis and terrain modeling to field applications. 
Study Location 
The three areas analyzed were the Crooked Creek, Otter Creek, and Long 
Branch watersheds, which combine to account for approximately 14% of the larger 
Mark Twain Lake watershed. Mark Twain Lake (39.5052°, 91.7689°) is a U.S. Army 
Corps of Engineers (USACE) reservoir located about 193 km (120 miles) northwest 
of St. Louis and has a total watershed area of over 600,000 ha (nearly 1.5 million 
acres) (USACE, 2004). The majority of this area is used for row crop farming and 
livestock production, and like many other watersheds in the Midwest, agricultural 
non-point source (NPS) pollution represents the primary threat to water quality and 
is a major concern to water resource managers. These three sub-watersheds were 
used because they are part of an on-going project that is assessing the performance 
of riparian buffers in the headwater watersheds of the Western Corn Belt and 
Central Irregular Plains Ecoregions in regulating non-point source pollution. 
Both Crooked Creek (28,814 ha) and Otter Creek (26,709 ha) are fourth-order 
streams, while Long Branch (26,487 ha) achieves fifth-order classification (Strahler, 
1957). On average, 65% of each watershed is used for cropland, 17% is in 
grassland, 15% is forested, 2% urban/farmstead, and 1 % is surface water. 
The soils, geology, and vegetation of the study watersheds are similar. The 
majority of each watershed area is classified by the U.S. Environmental Protection 
Agency (EPA) as the Central Irregular Plains Ecoregion (Level Ill classification), 
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where well-developed clay pan soils overlie glacial till and limestone, sandstone, and 
shale bedrock (Chapman et al., 2002). The historical vegetation of this Ecoregion 
includes a mixture of tall grass prairie, upland oak-hickory forests, transitional 
savannas, and wetlands. Very little of this natural vegetation remains today, 
however, as the major land use include growing corn, soybeans, hay, and various 
feed grains, and also livestock (mostly hog and beef cattle) production (Chapman et 
al., 2002; Ferguson, 1995). A small portion of each watershed (near the outlet) lies 
in the EPA Interior River Valleys and Hills Ecoregion, which consists of lighter 
colored, rockier soils on forested side-slopes and bluffs (Chapman et al., 2002). 
Alfisols are the dominant soil order of the region, with much of the area's upland 
soils developing from loamy till and loess deposits. Most of the soils in the survey 
area developed in alluvium. Wetness and erosion limitations are the primary 
concerns in soil management for agricultural use (Ferguson, 1995; Watson, 1979). 
Thesis organization 
This thesis is composed of five chapters. The first is a General Introduction to 
discuss the organization and scope of the project. The second chapter consists of a 
review of the key principles and literature relevant to this subject area and is entitled 
"Integrating Riparian Buffers and GIS: Theories and Concepts". The third chapter, 
entitled "Watershed-Scale Inventory of Existing Riparian Buffers in Northeast 
Missouri" is a manuscript accepted for publication by the Journal of the American 
Water Resources Association. The fourth chapter, entitled "Riparian Buffers and 
Practical Watershed Planning: Targeting Sites for Government Programs in 
Northeast Missouri", is an article also prepared for submission to the Journal of the 
American Water Resources Association. The fifth and final chapter provides a 
General Conclusion to this thesis. 
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Chapter 2. Integrating Riparian Buffers and GIS: Theories 
and Concepts 
Role of riparian buffers 
For practical purposes, the role of riparian buffers in protecting water quality 
in streams may be simplified into two primary functions: 1) providing on-site 
protection and stabilization of both surface and stream bank soils in close proximity 
to the stream (Schultz et al., 2004; Zaimes et al., 2004) and 2) acting as interceptors 
of incoming surface runoff and shallow groundwater flow from upslope source areas, 
which may carry NPS pollutants (Schoonover et al., 2005; Ward and Jackson, 
2004 ). While riparian buffers have the potential to improve water quality and stream 
integrity in other ways (e.g. additions of organic matter to stream ecosystems and 
the moderation of water temperature), this study focused on the protection of water 
quality against two of the Midwest's top NPS pollutants, sediment and dissolved 
agricultural contaminants (fertilizers, pesticides, etc.), before they can reach water 
bodies. 
On-site protection of the natural resources near the stream and the 
interception of incoming flow are inherently related . Surface runoff exported from 
upslope fields also has the ability to generate erosion within the riparian zone where 
insufficient ground cover exists. Therefore, protection of surface soils is dually 
important for sensitive riparian sites receiving large amounts of surface runoff from 
upslope fields (Lee et al., 2000). Flow that originates in uplands and becomes 
concentrated before reaching riparian buffers needs to be converted to diffuse or 
sheet flow to be properly treated by the buffer (Schultz et al., 2000). 
Riparian buffer placement 
To be effective interceptors of NPS pollution, riparian buffers must lie 
between the bodies of water which they protect and the source areas of pollution. 
This is an important consideration mainly because the amount of discharge to 
riparian sites from upslope source areas is spatially variable (Qui, 2003). All other 
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factors being equal, a site that drains 10 km2 is inherently more suitable for buffer 
restoration than a site that only drains 1 km2, but that guiding principle is trumped by 
the fact that water quality planning must be viewed at the watershed scale (Henry et 
al., 1999; Crumpton, 2001 ). In the context of stream order, lower order streams (1st 
to 3rd order streams) offer improved opportunities for runoff interception due to their 
greater total channel length making contact with upland source areas and proximity 
to land management practices (Schultz et al., 2000). The greatest cumulative 
benefits to water quality are achieved when conservation efforts are concentrated on 
headwaters streams first and then proceed downstream. 
Riparian buffers must adequately reduce the velocity of surface runoff to allow 
sedimentation and the chemical processing of dissolved contaminates (i.e., 
residence time). Other factors~being held equal, steep slopes tend to promote fast 
surface runoff whereas flat topography allows for greater infiltration and residence 
time (Dabney et al., 1994). Literature suggests that streamside areas having steep 
grades ought to be allotted wider buffer strips to accommodate the shortened 
residence time of runoff passing through the buffer (Dosskey et al., 1997; USDA-
NRCS, 2000; USDA-NRCS, 2004; Welsch, 1991 ). 
Finally, buffers cannot treat chemical pollutants which do not make contact 
with either the living roots of the vegetation (for nutrient uptake) or the active soil 
matrix (e.g., denitrification or adsorption), which means that discharge to streams via 
either subsurface drainage or deep groundwater losses may still contribute to the 
degradation of water quality (Schultz et al., 2000). Wineland (2002) showed that a 
shallow aquitard of fine-textured sediments derived from glacial till encourages 
nutrient removal from shallow groundwater flow because it inhibits downward 
movement, "forcing" flow through the active biological zone of the buffer. However, 
methods for accurately characterizing the hydrogeology at riparian sites are limited 
by scale and cost, and GIS data for such features do not yet exist at the watershed 
scale and in widely available formats. 
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Hydrological modeling using terrain analysis 
Grid-based terrain analysis utilizes a raster digital elevation model (DEM), 
consisting of a matrix of grid cells equal distance apart and of equal size. Each grid 
cell has a single value which represents the surface elevation (above some datum) 
at its x,y center (Figure 2.1) (Maune, 2001 ). Automated GIS algorithms are quickly 
able to analyze this matrix of elevation data to calculate such topographic attributes 
as elevation change (slope) and slope direction (aspect) among neighboring grid 
cells across the entire surface. Groundwater movement is largely not considered 
except for the assumption that the slope (and direction) of the water table is roughly 
equal to the slope and direction of the surface terrain. Surface runoff is assumed to 
move in the direction of steepest descent, and computer algorithms are also able to 
calculate the accumulation of flow as runoff is routed from the highest landscape 
position to the lowest (Wilson and Gallant, 2000). 
Numerous flow routing algorithms exist for hydrological modeling, offering one 
of the following two scenarios: single flow direction modeling, which allows surface 
runoff to be directed (moved downslope) to only one of the neighboring eight grid 
cells; or multiple flow direction algorithms, which can 'divide' flow among two or more 
adjacent downslope cells. Of the many which exist, arguably the best choice for 
hydrologic modeling is Tarboton's D-infinity {D00 ) algorithm, which allows flow to be 
apportioned to two downslope grid cells in a weighted manner according to the two 
vectors of steepest descent (Tarboton, 1997). In this study, hydrologic flow in 
upland (hillslope) areas was routed in a dispersed fashion using the D00 algorithm, 
while flow along perennial stream channels was routed in a concentrated manner, 
i.e. in only one of eight primary directions. Overall, this allows for a more realistic 
approach to modeling surface runoff (Tarboton, 1997). 
Once the primary topographic attributes (e.g. slope, flow direction, flow 
accumulation) have been calculated from a DEM, they may be used in various 
mathematical combinations to create secondary topographic attributes for more 
applied uses (Wilson and Gallant, 2000). Fried et al. (2001 ), Tomer et al. (2003), 
and Burkart et al. (2004) provided insightful works which give detailed methods for 
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determining the optimal placement of riparian buffers based on elevation-based 
indices using raster GIS data. These indices, which are described in more detail 
below, act as the primary indicators for site suitability in this study. Because they 
provide a rapid characterization of the surface flows occurring on the landscape with 
minimal data input, they are ideal for providing preliminary decision support to 
facilitate buffer placement in watersheds, which is the objective of this work. The 
two used for this study include the topographic wetness index and the erosion index; 
which are well-documented and supported as being appropriate for this use (Wilson 
and Gallant, 2000). 
Topographic Wetness index: 
w = In (As/tanJ3) 
where As is specific catchment area (m2/m) and ~is slope (degrees) 
(specific catchment area is defined as the upslope contributing area of a grid 
cell (m2) divided by the width of flow (m)) 
The wetness index was first developed by Seven and Kirkby (1979) and has 
been widely used in terrain modeling. Grid cells having a high w value have a large 
specific catchment area and a small slope value. Tomer et al. (2003) and Burkart et 
al. (2004) have argued that areas with high wetness values represent ideal locations 
for riparian buffers to capture and trap NPS pollutants for two reasons: 
1. A larger specific catchment area has a greater total pollution potential 
than a smaller one; therefore, grid cells with high specific catchment areas 
represent locations that might receive large amounts of pollution. 
2. Riparian buffers require adequate residence time of incoming surface 
runoff if they are to be effective at removing and/or trapping sediment and 
dissolved chemicals. Therefore, a small local slope is needed to allow water 
moving across the surface time to slow down and infiltrate into the ground 
rather than rush directly into stream channel. 
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Riparian grid cells having a high wetness (w) value offer ideal locations for 
water quality riparian buffers to optimally intercept and treat incoming surface runoff. 
An important assumption of this index is that surface runoff is generated as 
saturated overland flow and occurs at steady-state, meaning that discharge or flux is 
constant with time. Furthermore, the wetness index assumes that saturated soil 
hydraulic conductivity decreases exponentially with depth thus promoting lateral flow 
at or near the surface that is parallel to the slope of the surface (Chirico et al., 2003; 
Wilson and Gallant, 2000). The extensive clay pan soils occurring in the study area 
ought to be conducive to relaxing the second of these major assumptions. 
Erosion index: 
E = (A5 /22.13)o.4*(sinJ3/0.0896)1·3*soil K factor 
where As is specific catchment area (m2/m) and 13 is slope (degrees) 
The erosion index is equivalent to the length-slope factor in the Revised 
Universal Soil Loss Equation (RUSLE) (Renard et al., 1991) and has the same 
terrain inputs that are used in the wetness index. This equation accounts for the 
physical needs/limitations that correspond to either soil erosion or deposition at the 
particle-size scale (Moore and Wilson, 1992). Fried et al. (2001) and others have 
used the index to identify areas where soil is likely to erode and therefore ought to 
be investigated for management techniques. Grid cells having high erosion index 
values (E) generally have large contributing areas and steep local slopes, meaning 
that perhaps a buffer of extended width or some other soil conservation technique 
could be used for management (in-field conservation). Tomer et al. (2003) noted 
that many sites showing high erosion index values were experiencing more active 
stream bank erosion than sites with smaller erosion index values. 
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Applying terrain indices to the real world 
The terrain indices described above can be confusing to interpret and apply to 
the real world situations due to the heterogeneous appearance of continuous raster 
data. Therefore, it is necessary to find some way to capture or present the 
information derived from the terrain analysis within the bounds or context of some 
real feature in the landscape. An ideal approach would be to harness the 
continuous raster data within defined, 'real world' boundaries that correspond with 
land management policies and BMP installation. Typically, this means working at 
the landowner-scale due to the fact that conservation programs and BMP's are 
adopted and installed by individual landowners. As such, conservation practices are 
part of management systems that vary from field to field, and any practical approach 
to targeting them should acknowledge this. 
The approach taken in this study was to summarize continuous raster data 
within potential riparian management zones for buffer restoration defined by a 55 m 
(180 ft) distance from perennial streams, and subdivided by landowner tract 
boundaries. An example is shown in Figure 2.2 which displays the riparian zones of 
Crooked Creek .classified into "Stream Management Units", or SMU's. The SMU 
polygons act as unique parcels of land with the dimensions of a riparian buffer that 
have potential for restoration. These boundaries (zones) can be used to calculate 
zonal statistics of the complex and heterogeneous terrain data for the purpose of 
simplification. 
The distance of 55 m is useful because it is the maximum allowable width for 
a Riparian Forest Buffer practice to be funded under the USDA-FSA Conservation 
Reserve Program (CRP) (i.e. a CP-22 practice) (Godsey, 2003). This distance is 
somewhat flexible: straight edges and borders between the buffer and adjacent 
fields are usually necessary to accommodate efficient row cropping, and the width 
may be extended in areas where there is an obvious need for water quality 
protection (sediment or debris deposition, scouring, etc.). However, under normal 
circumstances, 55 m is the maximum boundary to which CP-22 practices may 
extend outwards from the stream in a perpendicular direction. While 110 m corridors 
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along the streams may not be the most accurate definition of a true riparian zone, it 
provides a functional definition that is commonly used in the field and can be used 
for practical conservation planning in agricultural watersheds. Generally, 
landowners who choose to sign a CP-22 contract wish to convert the maximum 
amount of land available to maximize their benefits. 
Many other federal, state, and private funding programs are available for 
agroforestry riparian buffer practices besides the CRP, but not all are as widely 
available and popular (Godsey, 2003). Some, like the USDA-FSA Conservation 
Reserve Enhancement Program (CREP) and the USDl-USFWS Parners for Fish 
and Wildlife (PFW) program, are available only to certain counties or for specific 
purposes. Others like the USDA-NRCS Environmental Quality Incentives Program 
(EQIP) and Wildlife Habitat Incentives Program (WHIP), the Missouri Department of 
Natural Resources (DNR) Soil and Water Conservation Program (SWCP) Cost 
Share, and the USDA-FS Forest Land Enhancement Program (FLEP) are available 
to fund projects without a ceiling on the allowable buffer width, but are not as widely 
available due to financial limitations or are geared more towards improving or 
restoring existing forests and woodlots, not converting agricultural land to riparian 
buffers. The Missouri DNR's Agricultural Non-Point Source Special Area Land 
Treatment (AgNPS/SAL T) grants are available to select watersheds throughout the 
state to offer local Soil and Water Conservation Districts (SWCD's) state funding for 
certain agroforestry riparian practices, of which the Long Branch watershed is 
included (MODNR, 2003). Ultimately, the continuous CRP represents the most 
widely available source of funding for riparian projects, whereas special needs or 
enhanced funding opportunities are available through other programs or sources. 
Summary 
Riparian buffers are most suitable in locations where they will intercept large 
amounts of surface runoff and shallow groundwater flow, and where that runoff 
carries and/or generates high amounts of NPS pollution such as sediment or 
dissolved contaminants. Streamside locations with flat topography are ideal to 
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accommodate large amounts of incoming surface runoff because they have the 
capacity to slow and trap suspended sediment, allow surface water to infiltrate, and 
have dissolved nutrients removed by growing vegetation and soil microbes. 
However, streamside locations with steep slopes are also prime candidates for 
riparian BMP's because they will more likely be sensitive to incoming runoff and thus 
more prone to erosion, with a higher potential to deliver that pollution due to their 
close proximity to waterways. Therefore, local streamside topography should be 
used as an indicator as to the conservation and restoration needs of a site, and 
perhaps to allocate government funding (CRP vs. other programs). 
The two terrain indices used by this study provide aid for this purpose: a 
topographic wetness index to identify flat streamside sites with large upslope source 
areas, and an erosion index to identify steep streamside areas which also have large 
upslope source areas. It is hypothesized that sites having high wetness values 
would be well suited for buffer practices which do not require extended width 
clauses, such as basic 55 m-wide CP-22. On the other hand, sites with high erosion 
index values near the stream probably warrant wider riparian buffers or alternative 
conservation practices such as stream bank stabilization, and therefore may require 
width extensions to existing conservation programs or practices. 
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Figure 2.1 . Surface representation of a grid digital elevation 
model (DEM) (From D.F. Maune, 2001 ). 
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Figure 2.2. "Stream management units" (SMU's) created for this 
study represent polygons of commonly owned riparian areas within 
55 m (180 ft) of perennial streams (Crooked Creek watershed, 
Missouri). 
20 
Chapter 3. Watershed-Scale Inventory of Existing Riparian 
Buffers in Northeast Missouri using GIS 
A paper accepted for publication by the Journal of the American Water Resources 
Association 
Joseph P. Herring, Richard C. Schultz, and Thomas M. Isenhart 
Abstract 
An observational study was conducted at the watershed scale using land 
cover (vegetation) data to assess the absence or presence of riparian buffers in 
three northeastern Missouri watersheds. Forests and grasslands lying within a 61 m 
(200 ft) parallel band directly adjacent to streams were considered "buffers" for 
improving or protecting water quality and were characterized according to their 
length, width, and vegetation type. Results indicated that riparian buffers were 
abundant throughout the watersheds but were typically narrow along first and 
second order streams and may not have been wide enough in many cases to 
provide adequate stream protection. At least 90% of all streams had buffer 
vegetation immediately adjacent to the stream banks, but as few as 31 % of first 
order streams had buffers extending to 61 m from the stream on at least one side. 
On-site evaluations are needed to determine the condition of these forests and 
grasslands and their ability to process non-point source pollutants. The results 
should be useful for providing natural resource managers with knowledge of current 
watershed conditions and also in identifying geographic areas of interest for future 
conservation efforts within each specific watershed. 
Introduction 
The potential negative impacts of intensive agriculture on water quality .in the 
Midwestern USA has been studied extensively during recent years (Cambardella et 
al. , 1999; Schilling and Libra, 2000; David and Gentry, 2000; Magner and l'.lexander, 
2002; Chaplot et al., 2004). A vast amount of literature has also examined and 
commended the potential of riparian buffers to mitigate the impacts that intensive 
\ 
21 
agriculture may have on surface water quality (Phillips, 1989; Lee et al., 2000; 
Lowrance et al., 2002; Schoonover et al., 2005; Zaimes et al., 2004). Indeed, 
riparian forest buffers and grass filters have become arguably two of the most widely 
accepted Best Management Practices (BMP's) for supplementing in-field water 
quality conservation practices around the world. 
Researchers and natural resource managers generally agree that a well-
designed and properly maintained riparian buffer can have remarkable effects on 
sediment trapping and nutrient processing for overland flow and shallow ground 
water entering the riparian zone (Broadmeadow and Nisbet, 2005; Schultz et al., 
2004; Nair and Graetz, 2004 ). Riparian forest buffers have also been advanced as 
an important agroforestry practice that may offer benefits beyond those offered by 
grass filters alone. They not only provide buffer functions for surface and subsurface 
pollutants but also can provide substantial stream bank stabilization, more diverse 
wildlife habitat, and an alternative potential income source for landowners. 
Some researchers have begun to shift their focus from gaining additional 
supporting evidence arguing for the effectiveness of individual buffers to that of a 
more comprehensive view of improving and maintaining water quality at the 
watershed scale (Henry et al., 2005; Crumpton, 2001 ). This is due to the simple 
observation that watersheds form the natural boundaries of landscape drainage and 
therefore ought to be managed at such a scale. Supporters of riparian buffers 
generally agree that not only is the re-establishment and restoration of individual 
buffers in the landscape important, but so is their continuity within the watershed 
(Berry, 2003, Schultz et al., 2004 ). 
There are inherent limitations (financial, social, physical constraints) to 
establishing or protecting riparian buffers along the entire length of a stream corridor, 
justifying the need for improved conservation planning at the watershed scale. 
Some recent studies attempt to maximize the effectiveness of buffers by ensuring 
that future buffers will be placed where they are needed most, or rather where they 
can perform the best (Fried et al., 2001 ; Tomer et al., 2003; Burkart et al. , 2004 ). 
However, very few studies have addressed the issue of determining the current 
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status of existing buffers in a watershed, in terms of their location, size, and 
vegetative composition (Day and Brooks, 1997). Such an inventory would be useful 
to complement those studies that prioritize the placement of future buffers based on 
their potential effectiveness in the landscape. Knowledge gained from a watershed-
scale riparian buffer inventory could be used to characterize the type and extent of 
existing buffers in the watershed, identify gaps in the riparian corridor that lack 
buffers, and identify the level of restoration needed to make existing buffers fully 
functional. 
This paper presents the results of an observational study conducted in 
northeast Missouri using a geographic information system (GIS). The primary goal 
was to complete an inventory and analysis of the current level of perennial riparian 
vegetation (buffers) in three 12-digit hydrologic unit code (HUG) watersheds (Seaber 
et al. , 1987) that are presently being used in other research studies. The central 
premise of the study was that perennial riparian plant cover can play an integral role 
in the maintenance and enhancement of water quality, and the extent to which it 
exists throughout a watershed dictates the needs or opportunities for future 
conservation efforts. 
The United States Department of Agriculture's Natural Resource 
Conservation Service (USDA-NRCS), which provides technical and financial 
assistance to landowners for the installation of BMP's, uses its Conservation 
Practice Standards and Specifications in Missouri to determine adequate widths of 
Riparian Forest Buffers and (grass) Filter Strips based on stream size and adjacent 
slopes in the riparian zone (Table 3.1) for sufficient water quality 
protection/improvement. The Riparian Forest Buffer Conservation Practice Standard 
states that, under the "additional criteria to remove excess amounts of sediment, 
organic material, nutrients, and pesticides in surface runoff and reduce excess 
nutrients and other chemicals in shallow groundwater flow," an herbaceous third 
zone should be established immediately adjacent to the outer-most woody zone of 
the forest buffer and designed in accordance with the Filter Strip Conservation 
Practice Standards (USDA-NRCS, 2004 ). This means that, for the most stringent 
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water quality control, the Riparian Forest Buffer and Filter Strip practices should be 
combined according to the criteria listed in Table 3.1, with the former practice 
consisting of two separate woody vegetation zones (trees and shrubs) lying 
immediately adjacent to the stream, and the latter a stiff-stemmed herbaceous zone 
nearest to the upslope field (USDA-NRCS 2000 and 2004 ). These minimum widths 
exist as guidelines for the purpose of installing new riparian buffers, but were used in 
this study simply as a baseline to compare the widths of existing buffers and also to 
help map out watershed areas where future buffer installations might be directed. 
The largest of the minimum combined widths, 61 m, was used to provide the 
analysis extent for this study. The NRCS criteria assume that the forest and 
herbaceous vegetation are of sufficient stand density and ecological health to 
provide the buffer functions needed at a particular site, which is an assumption that 
would need to be validated with an on-location assessment of the existing 
vegetation. 
In this study existing "riparian buffers" were defined as areas of either forest 
or grass vegetation lying within a 61 m band directly adjacent and parallel to 
perennial streams. No effort was made to separate natural riparian areas from 
restored conservation buffers. While this definition would be limited in application at 
the field scale, it was sufficient to satisfy the goals of this large-scale study 
considering the data resolution that was available and the necessity for a rapid 
assessment of the watersheds. 
Because the land cover data used by this study were based on interpretation 
of aerial photographs no attempt was made to evaluate the ecological condition of 
the riparian vegetation, although it is clear that ecological condition and width are 
both important criteria that determine the potential water quality improvement 
functionality of riparian vegetation. A future on-the-ground sampling of the present 
condition of the vegetation is planned. The results of this study are intended to 
quantify the extent and interpret the spatial patterns of existing riparian buffers in 
specific watersheds for reference in future conservation planning. 
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Methods and Data 
Study watersheds. The Crooked Creek, Otter Creek, and Long Branch sub-
watersheds which combine to account for approximately 14% of the larger Mark 
Twain Lake watershed were analyzed in this study (Figure 3.1 ). Mark Twain Lake 
(39.5052°, 91.7689°) is a United States Army Corps of Engineers (USACE) reservoir 
located about 193 km (120 miles) northwest of St. Louis and has a total watershed 
area of over 600,000 ha (nearly 1.5 million acres) (USACE, 2004). The majority of 
the watershed is used for row crop farming and livestock production, and like many 
other watersheds in the Midwest, agricultural non-point source (NPS) pollution 
represents the primary threat to water quality and is a major concern to water 
resource managers. These three sub-watersheds were used because they are part 
of an on-going project that is assessing the performance of different kinds of riparian 
buffers in regulating non-point source pollution in the headwater watersheds of the 
Western Corn Belt and Central Irregular Plains Ecoregions .. 
Both Crooked Creek (28,814 ha) and Otter Creek (26,709 ha) are fourth-order 
streams, while Long Branch (26,487 ha) achieves fifth-order classification (Strahler, 
1957). The majority of each watershed area is classified by the United States 
Environmental Protection Agency (EPA) as the Central Irregular Plains Ecoregion 
(Level Ill classification), where well-developed clay pan soils overlie glacial till and 
limestone, sandstone, and shale bedrock (Chapman et al., 2002). The natural 
vegetation of this Ecoregion includes a mixture of tall grass prairie, upland oak-
hickory forests, transitional savannas, and wetlands. Very little of this natural 
vegetation remains today, however, as 65% of each watershed is used to grow corn, 
soybeans, and various feed grains, 17% is grassland used for hay production and 
livestock grazing and 2% is urban/farmland (Chapman et al., 2002; Ferguson, 1995). 
Only 15% is still forested and 1 % is surface water. A small portion of each 
watershed (near the outlet) lies in the EPA Interior River Valleys and Hills Ecoregion, 
which consists of lighter colored, rockier soils on forested side-slopes and bluffs 
(Chapman et al., 2002). Alfisols are the dominant soil order of the region, with much 
of the area's upland soils developing from loamy till and loess deposits. Most of the 
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soils in the riparian survey area developed in alluvium. Wetness and erosion 
limitations are the primary concerns in soil management for agricultural use 
(Watson, 1979; Ferguson, 1995). 
Data Description. Digital data for each of the three sub-watersheds already 
existed and were obtained from the University of Missouri's Center for Agricultural, 
Resource, and Environmental Systems (CARES). The data consisted of 
hydrographic ("blue line" network of perennial stream locations) and land cover 
layers that were manually digitized from black and white, one-meter resolution aerial 
photography taken in 1995. For the scope of this study, the land cover data could 
be classified into one of five different categories: "cropland," "forest/brush," 
"grassland," "surface water," or "urban/farmstead." In addition to the land cover and 
stream location data, a 30-meter resolution United States Geologic Survey (USGS) 
digital elevation model (DEM) was used to further delineate the watersheds into 
individual stream catchments based on the Strahler stream order classification and 
to calculate the percent slope in the study areas. 
Beyond vegetation type, there was no land use information available 
regarding such things as tillage and rotational crop practices, the absence or 
presence of grazing, age and plant species composition, and stocking of forested 
areas and grasslands. Therefore, the "forest/brush" and "grassland" vegetation 
classes along the evaluated stream corridors were designated as being water quality 
"buffers" and all other land use categories as being "non-buffer" areas. The 
"forest/brush and "grassland" classes represent perennially vegetated, uncultivated 
land that would likely have the lowest levels of agricultural or industrial disturbance 
of the five land use classes, despite the likelihood that some of those areas are 
being grazed. Other studies in these watersheds suggest that grazing intensity is 
relatively low and that grazed pastures and existing forests have similar buffering 
functions which exceed those of riparian croplands; thus, it was deemed acceptable 
to proceed with the survey using the land cover data with the caveat that on-ground 
surveys to evaluate the impact of grazing on pastures and the present condition of 
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riparian forests would be needed to extend the use of the buffer inventory (Haake, 
2003; Nelson, 2003). 
Data Analysis. A common GIS overlay method called an intersection was 
used to extract data and answer the following three questions: 
1. What % of the total stream length is buffered by forest and/or grass 
vegetation? 
2. What % of the total stream length is buffered to a distance of 15 m (50 
ft.), 30 m (100 ft.), 46 m (150 ft.), and 61 m (200 ft.) outwards from the 
stream channel? 
3. What % of the total stream length is buffered by forest and/or grass 
vegetation to the minimum recommended distance for 
enhancing/protecting the water quality in streams as defined by USDA-
N RCS specifications (from Table 1 )? 
Questions one and two were addressed by first drawing a series of multiple 
lines around all stream segments at fixed distances of 0, 15, 30, 46, and 61 m from 
the banks, where 0 m represents the bank edge. Figure 3.2 depicts this step, 
showing how each line is drawn at stepwise intervals moving outward from the 
channel, and as such each successive line resembles the dimensions and shape of 
a potential riparian buffer strip. These multiple "contour" lines (being of equal 
distance from streams) were then geometrically intersected with the polygon land 
cover data, which caused the lines to be segmented and categorized into the land 
cover categories. By starting at the stream bank (zero meters away) and moving 
outward every 15 m, the percent of total contour line length lying in "buffer" land-use 
was determined. 
The multiple contour lines acted as a surrogate measure of the total two-sided 
stream channel length: the sum length of any given contour distance line is reflective 
of the sum length of linear stream bank on both sides plus the rounded ends. 
Because lines that were the same distance away from streams but on opposite sides 
of the channel were connected by rounded ends at the stream initiation points, this 
analysis could not discern differences in land cover category between the two sides 
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of a stream. Thus, the contour lines did not reflect the true stream length in absolute 
accuracy, but they did provide an adequate substitute for determining what relative 
amount of the streams' total length were buffered at various distances. At the 
confluence of streams, the contour lines for a given stream end at the point of major 
directional change, at which point they are referenced to a different stream. 
Question three was answered using a similar method of intersecting line 
features with polygon land cover data. However, the first necessary step was to 
identify the distance from the streams that corresponded with the USDA-NRCS 
recommended minimum width for protecting/enhancing water quality. The 30-meter 
resolution DEM was used to calculate the (%) slope for grid cells along stream 
centerlines and grid cells immediately adjacent on both sides of the channel. The 
average value was then calculated for each Strahler stream-order segment and by 
using Table 3.1, a minimum recommended width could be identified and used to 
create a variable-width "buffer" around all streams (Fig. 3.2) which corresponded 
with the recommended minimum NRCS buffer width. A geometric intersection of 
these lines with the polygon land cover data was used in similar fashion to the 
method described above so that the relative amounts of stream length with buffers 
that extended wide enough to meet minimum NRCS recommendations could be 
determined. 
Results and Discussion 
In the riparian zones of the three study watersheds, land cover was largely 
comprised of forest (46%), cropland (29%), or grass vegetation (23%), with minor 
additions from the urban/farmstead and surface water classes. Figure 3.3 classifies 
these land cover distributions by stream order and reveals the changes progressing 
from smaller headwaters to larger streams throughout the watersheds. As stream 
order increased, the amount of forested land in the riparian zone increased sharply 
while the percentage of cropland dropped significantly. Grass vegetation covered 
approximately 25% of the total riparian area of first, second, and third order streams, 
but only about 10% of the fourth and fifth order streams where forest cover 
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dominated. This result is to be expected in the Irregular Plains Ecoregion where 
small order streams originate in landscapes that are mostly flat to gently rolling and 
which were historically dominated by prairie and savanna vegetation. Along the 
higher order streams, riparian areas are wider and flood more frequently and 
adjacent valley slopes are steeper. These areas historically were covered by forests 
which were more protected from prairie wildfires, especially on the lee side of the 
channels and were less easily converted to agriculture. 
The intersection of the multiple fixed-distance lines with the land cover data 
yielded some interesting relationships Table 3.2. At least 90% of the total stream 
lengths had either forest or grass vegetation immediately adjacent to the stream 
banks (zero meters outward from the channel). However, the extent of buffers 
declined rapidly as distance from the channel increased to 15 m, 30 m, 46 m and 61 
m. This was especially true for 151 order streams, where less than half of the stream 
length was buffered to a width of 61 m. Further investigation of the data shows that 
as much as 59% of the first order and 4 7% of the second order streams did not have 
buffers wide enough to meet the minimum recommended widths of the combined 
NRCS Riparian Forest Buffer and Filter Strip Conservation Practices (Figure 3.4 ). 
Even for the fourth- and fifth-order channels, 15 to 24% of the existing stream 
buffers did not meet the recommended widths. 
In Figure 3.5, the existing buffer vegetation was divided into relative amounts 
of "forest/brush" and "grassland" vegetation in the 61 m wide riparian zones of the 
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different order watersheds. Along the first-order streams, grass vegetation 
accounted for 37-53% of the total buffer width while along fifth-order streams, only 5-
19% of the buffer width consisted of grass cover. The relative contribution of grass 
vegetation increased with distance outward from the channel for all stream orders, a 
transition that would naturally be expected in this native tallgrass prairie landscape. 
To help watershed managers prioritize future conservation efforts, a map was 
created for each study watershed which identifies regions of low stream buffering by 
sub-basin, or catchment. Figure 3.6 provides an example of one of these maps for 
the Crooked Creek watershed. The data shows the percentage of total stream 
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length in each catchment area which is buffered to the minimum NRCS 
recommended widths, such that white portions of the watershed represent regions of 
high stream buffering and thus are of low priority for more buffers. On the other 
hand, darkened clusters of catchments, occurring almost exclusively in first- and 
second-order stream basins, represent areas where there is much room for new 
buffers to be added to those which already exist. 
Summary and Conclusions 
The Crooked Creek, Otter Creek, and Long Branch watersheds of northeast 
Missouri are all very similar in size, total stream length, soil types, and land cover 
composition. In all three, at least some width of riparian buffers were found to be 
quite abundant throughout the entire watershed, even along headwater streams. 
The percent of total channel length that was buffered, amount of buffer vegetation 
within the 61 m riparian corridor, and the ratio of forest vegetation to grass 
vegetation in riparian buffers all increased with increasing stream order. Many of 
these existing buffers were rather narrow, however, as over half of all first-order 
streams and over a third of all second-order streams in two watersheds (Otter Creek 
and Long Branch) did not have buffers wide enough to meet the NRCS minimum 
width requirements for newly established riparian buffers. 
Some of the existing buffers in these watersheds were probably comprised of 
"ideal" proportions of forest versus grass vegetation for removing excess sediment 
and nutrients in runoff (from Table 3.1 ); however, the overall dominance by the 
forest component in the inventoried buffers suggests that additions of grass filter 
strips were needed in many cases to match the ratios of forest: grass vegetation 
recommended by the NRCS. Addition of the grass filters would improve both the 
buffering function and ecological diversity in these three sub-watersheds. Indeed, it 
can be surmised that in many of the cases where the existing forest buffer did not 
meet minimum NRCS width recommendations, an addition of 15 to 30 meters (50 to 
100 feet) of grass filter would satisfy the missing element and result in more buffered 
streamside areas meeting the NRCS standard requirements. This has important 
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financial implications because it means that not all riparian restoration projects would 
have to "start from scratch". 
One draw-back to directly using the information in this kind of a survey is the 
lack of information on the actual condition of the different riparian plant communities. 
An assessment of forest conditions including species composition, average age, 
height and diameter, ecological health, and basal area or stocking rate should be 
conducted to determine whether stand improvement activities are needed to make 
the buffer fully functional. Similarly, an assessment of the grass/herbaceous 
vegetation component including species composition, plant density, and influence of 
grazing would also assist in determining the effectiveness of herbaceous buffers in 
meeting objectives for water quality improvement. 
While this kind of inventory has strong implications for surficial processes 
associated with overland flow, it does not consider the potential reductions in buffer 
effectiveness associated with tile drainage and channel incision. Lowering the 
water table with either of these two processes makes riparian soils less conducive to 
denitrification, one of the major buffer processes for improving water quality. 
Likewise, surveys of vegetation cover do not indicate differences in geomorphology 
along stream channels which may also directly influence the impact of buffers on 
shallow groundwater quality (Simpkins et al., 2002; Wigington et al. 2003) 
Attempting to target sensitive locations in watersheds for future BMP 
placement is a way to optimize water quality benefits, but it is dependant upon many 
factors (hydrology, geology, topography, soil properties) that are sometimes not fully 
understood or may be difficult to model accurately at the watershed scale (Fried et 
al., 2001 ). Current land cover, on the other hand, is a factor affecting the placement 
of future BM P's in watersheds which ultimately guides on-the-ground decision 
making. Knowledge derived from a riparian buffer inventory should prove helpful for 
future studies related to conservation planning and ecological restoration projects, 
and as stated previously, would nicely complement new studies which attempt to 
optimize the placement of future buffers in watersheds based on hydrologic 
modeling. 
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Table 3.1 . Minimum widths required to meet NRCS Conservation Standards for the 
Riparian Forest Buffer and Filter Strip Conservation Practices for removing excess 
sediment, nutrients, and pesticides from surface runoff (USDA-NRCS, 2000 and 
2004). 
Minimum widths (m) 
Stream Adjacent land Total 
order slope(%) Riparian Filter Strip combined 
Forest Buffer 
width 
1, 2 0-5 15.2 15.2 30.5 
1, 2 5-10 15.2 30.5 45.7 
3rd and 
0-5 30.5 15.2 45.7 
larger 
3rd and 
5-10 30.5 30.5 61.0 
larger 
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Table 3.2. Existing stream buffering by either forest or grass vegetation to variable 
widths in the Crooked Creek, Otter Creek, and Long Branch watersheds in NE 
Missouri. 
Stream Buffer 
% Stream length buffered 
order Distance (m) Crooked Otter Long Branch Mean 
Creek Creek 
0 98 96 90 95 
15 85 76 66 75 
1 30 75 63 54 64 
46 59 46 37 48 
61 52 39 31 41 
0 99 98 91 96 
15 93 88 76 86 
2 30 86 78 65 76 
46 74 63 48 62 
61 65 53 41 53 
0 99 99 99 99 
15 95 92 91 92 
3 30 90 84 84 86 
46 81 73 70 75 
61 74 65 59 66 
0 99 99 99 99 
15 94 93 93 93 
4 30 92 88 89 90 
46 87 79 80 82 
61 82 70 73 75 
(Table 3.2 continued on next page) 
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(Table 3.2 continued from previous page) 
0 n/a n/a 99 99 
15 n/a n/a 93 93 
5 30 n/a n/a 90 90 
46 n/a n/a 84 84 
61 n/a n/a 77 77 
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Figure 3.1. Location of the Study Watersheds in Missouri, USA in 
Relation to Mark Twain Lake. From North to South: Crooked Creek, Otter 
Creek, and Long Branch. 
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Chapter 4. Riparian Buffers and Practical Watershed 
Planning: Targeting Sites for Government Programs in 
Northeast Missouri 
A paper to be submitted to the Journal of Soil and Water Conservation. 
Joe Herring, Thomas Isenhart, Richard Schultz, and Mark Tomer 
Abstract 
Terrain modeling and a GIS inventory of existing riparian vegetation were 
integrated to aid watershed planning based on current conservation practices in 
, three Missouri watersheds. Riparian corridors along perennial streams were 
delineated according to the USDA Farm Service Agency (FSA) Conservation 
Reserve Program (CRP) maximum allowable width of 55 m for a riparian forest 
buffer practice and then divided into management units according to ownership 
boundaries. Terrain indices were used to classify sites according to erosion risk 
both near the stream and in the immediate upslope source area and also for 
predicted site wetness. High priority sites were identified and assigned a listing of 
possible management concerns, and all riparian sites were given a listing of 
potential government programs and practices that may be available for landowners 
to fund riparian forest buffer projects. Sites that were deemed high priority were well 
distributed throughout the watersheds, but the majority (54%) were located along 
first and second order streams. The results were used to create an interactive 
mapping web service to allow watershed managers and landowners in the specific 
study watersheds observe relative differences among sites, identify possible funding 
opportunities, and help prioritize conservation dollars. 
Introduction 
Sophisticated watershed planning has been facilitated by recent and ongoing 
advancements in the capabilities of geographic information systems (GIS) and in the 
quality and availability of digital data. Improved methods in spatially-variable 
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hydrologic modeling have the potential to simplify and better characterize non-point 
source (NPS) pollution at the catchment scale (Arnold and Fohrer, 2005; Qi and 
Grunwald, 2005). Some recent studies have utilized these technologies attempting 
to answer a persistent question among watershed planners, e.g. one which has 
appropriately been posed as, "Where should buffers go?" (Bentrup and Kellerman, 
2004). 
Recent research has demonstrated that riparian buffers do not perform 
equally well at all locations in watersheds. There are a multitude of factors that 
influence buffer performance at many scales, including: soil properties, local and 
upslope topography, hydrogeologic setting, overland flow dynamics, age and 
species of buffer vegetation, size of the contributing area, and various anthropogenic 
factors (e.g. fertilizer rates, tillage systems, rotational practices, etc.) (Dosskey et al., 
2002; Mander et al., 1997; Simpkins et al., 2002). Also evident is that to have a 
measurable, cumulative impact on water quality, the connectivity of buffers in 
headwaters (1 51 to 3rd order) streams must be the first priority before proceeding 
downstream with conservation efforts (Schultz et al., 2000). 
Studies by Srivastava et al. (2003), Veith et al. (2003), and Gitau et al. (2004) 
have incorporated the use of optimization algorithms paired with NPS pollution 
modeling to simulate effective placement of best management practices (BMP's) at 
the watershed scale. Other works by Fried et al., (2001 ), Tomer et al. (2003), and 
Burkart et al. (2004 ), characterize terrain attributes in watersheds to identify specific 
geographic locations that are most suitable for water quality-based BMP's. Yang 
and Weersink (2004) offered an integrated economic-hydrologic modeling 
framework to develop variable-width riparian buffers based on cost-effectiveness for 
sediment abatement. All of these efforts provide promising means for improving the 
way watershed planners manage water quality and other non-market benefits. 
However, too often the methodologies of such tasks require large and 
complex datasets and advanced analytical procedures to administer. The purpose 
of this study is to build upon the work of others (Tomer et al., 2003; Burkart et al., 
2004) by extending the use of grid-based terrain analysis in a more applied use for 
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conservation planning at the watershed scale. This is achieved by limiting the target 
BMP practices to one general category, riparian forest buffers, and by simplifying the 
landscape variables used to characterize site suitability to the most basic and 
fundamental factors: soils, topography, and existing riparian vegetation. A primary 
benefit to this approach is the ability to provide rapid, repeatable results in other 
watersheds without the need for extensive GIS data requirements. By limiting input 
data to the three categories listed, which are relatively static in time, a foundation for 
watershed planning can be developed and built upon wherever additional knowledge 
of management practices exists. A unique approach taken by this study was to 
identify land parcels along perennial streams which represent potential sites for 
either new riparian buffer installation or restoration of existing perennial vegetation 
based on current land management policies. 
The results presented are intended to be valuable to local watershed 
managers at the specific study locations, while the basic methods that are described 
may be applied to other watersheds, given the widespread availability of GIS data. 
Specifically, the methods are most suitable for land managers providing technical 
assistance for the establishment of conservation practices. However, the results 
may also be of interest to local landowners or farm managers who wish to assess 
their opportunities for government-funded programs. In light of this, an online tool 
was developed for each of the three study watersheds as an example of how the 
information derived from this study could be useful for watershed planners and 
landowners alike. 
Methods 
Study area. The Crooked Creek (28,814 ha), Otter Creek (26,709 ha), and 
Long Branch (26,487 ha) sub-watersheds of northeast Missouri comprise 
approximately 14% of the larger, 0.6 million ha Mark Twain Lake watershed (Figure 
4.1 ). The watersheds are defined as fourth-order streams, with the exception of 
Long Branch, which is a fifth-order stream at its outlet. Land use in this region is 
dominated by agriculture, with an average of 65% of the watersheds being used for 
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rowcrops. Livestock production (mostly swine and beef) is also prevalent, especially 
in locations where rowcrop production is not feasible due to steep terrain or frequent 
wetness (Chapman et al., 2002; Ferguson, 1995; Watson, 1979). Mark Twain Lake 
provides an important drinking water source for much of the surrounding area 
(USACE, 2005). 
Agricultural NPS pollution represents a primary concern to the region. In 
2005, the Long Branch watershed was accepted into the Missouri Department of 
Natural Resources' (MODNR) Agricultural Nonpoint Source (AgNPS) Special Area 
Land Treatment Program (SALT). This program provides local Soil and Water 
Conservation Districts (SWCDs) with the opportunity to direct state funds and 
technical assistance to landowners for voluntary-based BMP installation in regions of 
particular water quality concern (MODNR, 2004 ). Furthermore, Macon, Monroe, and 
Shelby counties (in which Otter Creek and Crooked Creek lie) have been listed 
among a total of thirty-six Missouri counties as being eligible for the USDA Farm 
Service Agency's (FSA) Conservation Reserve Enhancement Program (CREP). 
The state's goal for this program is to specifically target and retire from intensive 
agricultural production a fixed amount of highly erodible and environmentally 
sensitive land within these counties. The CREP offers improved landowner benefits 
compared to some of the other government funding that is widely available (Godsey, 
2003). 
Digital data. This study utilized both vector- and raster-based GIS data 
commonly available to natural resource managers, which are listed with their 
sources in Table 4.1 . A 30 m grid resolution digital elevation model (DEM) was 
obtained from the online USGS National Elevation Dataset (NED). Two data layers 
obtained from the University of Missouri Center for Agricultural, Resource, and 
Environmental Systems (CARES) were digitized from black and white aerial imagery 
(1 m pixel resolution) taken in 1995: the "blue line" network of perennial streams, 
and vector-based land cover data classified into five categories (forest/brush, 
cropland, grass, urban, or water). USDA soil mapping units digitized from soil 
surveys were also obtained via CARES but were originally acquired from the NRCS 
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Soil Survey Geographic Database (SSURGO). Finally, ownership tract boundaries 
were digitized by observing property lines in commercially available plat books for 
the five counties in the study area (Marceline Mapping, 2001-2004). GIS soils, 
streams, and elevation data are generally easy to obtain and are freely available to 
the public for most (if not all) locations in the United States and in many other areas 
around the world (USGS, 2005). Land cover (vegetation) data may also generally 
be found for every state in raster format (at 30 m grid resolution), but the vector-
based data that was available for the three study watersheds was used for this 
project due to its higher resolution. The final dataset, landowner tract boundaries, is 
not as easily obtainable for the general public. However, government agencies 
directly involved with production commodity programs and conservation practices on 
private lands increasingly have access to this data. Other data which provided 
general reference information for the study area included roads and updated color 
aerial photography obtained from the Missouri Spatial Data Information Service 
(MSDIS, 2005). 
Hydrologic modeling. Terrain analysis was performed using TauDEM 
software, which begins with a pit-filling algorithm to resolve closed depressions and 
extensive flat areas in the raw DEM file (Tarboton, 2005). In upland areas, flow 
directions among neighboring grid cells were calculated using the D-infinity (D00 ) 
routing method, while a standard eight-directional (D8) algorithm was applied to grid 
cells representing stream channel locations. In the TauDEM software, this 
corresponds with "burning in" the known locations of streams to improve hydrologic 
modeling results to accurately represent dispersed flow conditions on hillslopes and 
channelized flow in stream channels (Tarboton, 2003). 
To identify streamside locations that would intercept runoff from large upslope 
source areas, the topographic wetness index was calculated using the formula: w = 
In (As/tan~). where As is the upslope specific catchment area (SCA) and ~ is the 
slope in degrees (Beven and Kirkby, 1979). Tomer et al. (2003) and Burkart et al. 
(2004) have shown the utility of this terrain index for this specific application, as high 
values of the wetness index correspond with landscape positions that drain large 
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upslope source areas and have very little topographic slope on the site. Thus, the 
maximum potential for runoff delivery is great and yet the on-site conditions (near 
the stream) promote adequate residence time of incoming surface runoff, based on 
the flat terrain. To avoid an indeterminate calculation of the wetness index where 
slope was equal to zero, values of 13 =zero were replaced with values of 13 = 0.001 
(Tomer and James, 2004 ). 
Also shown by Tomer et al. (2003), Tomer and James (2004 ), and Burkart et 
al. (2004) was the ability of the erosion index to characterize streamside locations by 
relative risk for surface and stream bank erosion. The erosion index, which is 
equivalent to the product of the slope length and slope steepness factors (L and S) 
in Renard's et al. Revised Universal Soil Loss Equation (RUSLE) (1991 ), was 
calculated using the formula: E = (A5/22.13)0·4*(sinl3/0.0896)1·3 where As is the 
upslope SCA and 13 is slope in degrees (Wilson and Gallant, 2000). This index was 
further extended to include a third factor from the RUSLE, the soil K factor. The soil 
K factor is a relative index of sediment erosion risk at the particle scale based on soil 
texture, organic matter composition, and permeability. The term 'erosion index' shall 
henceforth be interpreted as being the product of the L, S, and K factors of the 
RUSLE (E = (A5/22.13)D.4*(sinl3/0.0896)1·3*soil K factor). This index is useful for 
identifying sites near streams that have steep terrain on erodible soils, and with long 
flow lengths originating from the upland source areas. Such areas might be 
deemed 'sensitive sites' that are in close proximity to streams, and thereby have a 
high potential for sediment delivery to waterways. They have the greatest need for 
riparian buffer establishment and maintenance in order to protect surface soils, 
stabilize stream banks, trap and filter incoming surface runoff, and reduce NPS 
pollution (Lee et al., 2000; Zaimes et al., 2004; Schoonover et al., 2005). 
Applying terrain indices to practical watershed management. The terrain 
indices described above can be confusing to interpret and apply to the real world 
situations due to the heterogeneous nature of continuous raster data. Therefore, it 
is necessary to provide a user-friendly format of presenting results from the terrain 
analysis in the context of recognizable and definitive land features. Generally, 
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vector data representation is easier to interpret for non-GIS users than is continuous 
raster data. The ideal approach would be to present the results of raster data within 
'real world' features that are defined by ownership boundaries and current 
conservation policies, because conservation programs and BMP's are adopted and 
maintained by individual landowners on a voluntary basis. 
The technique used here was to summarize the continuous raster data within 
potential riparian management zones for buffer establishment that are defined by a 
55 m (180 ft) distance from perennial streams, and subdivided by landowner tract 
boundaries. An example is shown in Figure 4.2 which displays the riparian zones of 
Crooked Creek classified into 'Stream Management Units' (SMU's). The SMU 
polygons act as unique parcels of land with the dimensions of a riparian buffer that 
have potential for buffer establishment. These boundaries (zones) can be used to 
calculate zonal statistics (mean, standard deviation, range, etc.) from the 
heterogeneous terrain data for purposes of simplification and classification. 
The distance of 55 m is the maximum allowable width for a Riparian Forest 
Buffer practice (CP-22) to be established under the USDA-FSA Conservation 
Reserve Program (CRP) (Godsey, 2003). This distance is somewhat flexible: 
straight edges and borders between the buffer and adjacent fields are usually 
necessary to accommodate efficient row cropping, and the width may be extended in 
areas where there is an obvious need for water quality protection (sediment or 
debris deposition, scouring, etc.). However, under normal circumstances, it is the 
maximum distance to which standard CP-22 practices may extend outwards from 
the stream in a perpendicular direction. While 110 m-wide corridors along the 
streams (55 m on each side) may not be the most accurate definition of a true 
riparian zone, it provides a functional definition that is commonly used in the field 
and can be used for practical conservation planning in agricultural watersheds. 
Many other federal, state, and private funding programs are available for 
agroforestry riparian buffer practices besides the CRP, but not all are as widely 
available and popular (Table 4.2) (Godsey, 2003). Ultimately, the continuous sign-
up CRP represents the most basic and widely available source of funding for riparian 
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projects, whereas special needs or enhanced funding opportunities are available 
through other programs or sources. 
The mean erosion index values and wetness index values were calculated 
within the riparian polygon boundaries using a zonal statistics function and were 
then transferred to the SMU attribute table. This allowed the SMU features to be 
symbolized using a graduated color ramp to visualize relative differences among 
streamside sites for having a high potential for runoff interception or erosion risk. 
Additionally, the DEM was used to delineate the upslope source areas (catchments) 
from the downstream-most point of each SMU, so that mean erosion index values 
could be calculated to assess the sediment erosion risk coming from upslope 
sources. 
Identifying suitable programs and practices for riparian sites. Using land 
cover vegetation data, along with the terrain index data and knowledge of the 
funding opportunities for agroforestry projects in Missouri, each SMU polygon record 
was given a custom list of potential government programs and conservation 
practices that may be available for funding riparian buffer projects on those sites. 
The vegetation data was used to determine available government programs by the 
presence of existing row crop land cover in the 110 m-wide riparian zone (and from 
information in Table 4.2), while the terrain indices were used to identify potential 
practices that would best suit the site and identify specific management concerns. 
"High priority" sites were identified as those in the highest 20% of the 
population for mean erosion index value within the 55 m riparian zone, mean 
wetness index in the 55 m riparian zone, and/or mean erosion index in the 
immediate upslope catchment area. Tomer and James (2004) showed that in two 
Iowa watersheds, grid cells with the largest 20% of the erosion index values 
corresponded with Highly Erodible Land (HEL) about 80% of the time, or the largest 
20% of wetness index value grid cells corresponded with hydric soils also about 80% 
of the time. In this study, correspondence between the highest 20% of mean 
erosion index values and HEL ranged from 63 and 71 % for the three watersheds. 
The highest 20% of mean wetness index values corresponded with hydric soils 74 to 
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79% of the time, depending on the watershed. Although the correspondence was 
lower in this study, it was sufficient considering the erosion and wetness index 
values taken from 30 m grid cells were being averaged over large riparian areas in 
some cases (based on SMU boundaries). 
For each site deemed "high priority," one or more "management concerns" 
were identified using the following protocol: "wetness" for riparian sites in the largest 
20% of mean wetness values within 55 m of streams; "stream bank and surface 
erosion" for riparian sites in the largest 20% of mean erosion index values within 55 
m of streams; and "upslope source area erosion" for sites in the largest 20% of 
mean erosion index values taken from the immediate upslope catchment area. 
Tomer et al. (2003) found that sites with high erosion indices often experienced 
active stream bank erosion. 
To provide results that were easy to understand, a web-based mapping 
service was created for each watershed. SMU's are classified to show high priority 
sites across the watershed, and individual stream catchments are color-ramped to 
display the percent of total stream length that is not buffered to the USDA Natural 
Resource Conservation Service (NRCS) recommended minimum buffer width 
(Herring et al., 2005). An identify tool enables users to click on SMU polygons to 
observe the size, amount of area available for new buffer establishment, potential 
funding programs, and conservation practices that might be available based on the 
location, existing vegetation, and terrain attributes of the site. High priority sites, 
which are depicted in bright red, offer details about the management concerns that 
may be expected on those sites. Figure 4.3 offers an example image of the web 
service created for the Otter Creek watershed. 
Results and Discussion 
In a companion study, Herring et al. (2005) analyzed existing riparian 
vegetation throughout the same three watersheds and found that first and second 
order perennial streams were the most lacking of riparian buffers of forest and 
grassland vegetation. One of the objectives of this study was to determine if the 
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terrain modeling would identify those same areas as being high priority sites based 
on factors other than vegetation alone. If so, targeting conservation efforts for water 
quality would be made much easier. Results are given in Table 4.3 which indicate 
the relative distributions of high priority sites by stream order. These sites tend to be 
concentrated most heavily along both headwater streams (first and second order) 
and high (fourth and fifth) order streams, with somewhat of an absence of priority 
being shown along the interior third order streams. When these data were broken 
down into specific management concerns (i.e. wetness vs. streambank and site 
erosion vs. upslope erosion), results were inconclusive in terms of any definite 
spatial patterns; that is, no clear trends among the specific management concerns 
could be attributed to location by stream order (Figure 4.4 ). Nonetheless, it is clear 
from Table 4.3 that the majority (49 to 61 %) of high priority sites are located along 
first and second order streams, but that higher order streams (fourth and fifth) may 
also need to be targeted. 
These results indicate that to achieve a watershed-wide riparian buffer 
corridor which fully protects water resources along perennial streams, conservation 
efforts need to be directed towards existing forest and grass cover along higher-
order streams in addition to targeting areas of agricultural production for the 
establishment of new buffers. In other words, care needs to be taken to ensure that 
existing riparian forests, which may have occupied those sites since pre-settlement 
times, are not degraded or neglected of proper stand health and vigor, for they may 
be key elements in the maintenance and protection of water quality. 
The high variability among the number of sites with wetness concerns at the 
first order level and upslope erosion concerns at the fourth order level (in Figure 4.4) 
were primarily caused by data extracted from the Long Branch watershed. In this 
watershed, first order streams contained a high number of wetness concerns while 
fourth order streams had more upslope erosion concerns compared with the other 
two watersheds; this is coincident with the lower levels of stream buffering (and 
more cropland) in riparian zones of the Long Branch watershed (Herring et al., 
2005), which may be attributed to high levels of stream channelization in that 
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watershed noted on numerous sampling trips to the area. Due to this and more flat 
terrain, riparian zones in the upper reaches of the Long Branch watershed are more 
readily farmable than those in the Otter and Crooked creek watersheds. 
There are limitations to the methods presented here that are noteworthy. 
First, is that terrain analysis used for hydrologic modeling attempts to predict the 
pathways of surface runoff, but can not directly account for groundwater flow or 
water movement through subsurface drainage tiles. However, current methods and 
data do not exist which would permit these techniques at the scale of this study. 
Second, there are many land management variables which would be difficult to 
include in this study but have importance when the goal is determining the proper 
allocation of conservation efforts in watersheds (e.g. crop rotation, tillage system, 
livestock presence, farm chemical application rates, locations of other conservation 
practices, etc.). If planning is to be done at the watershed scale, however, factors 
such as these may be best included following initial investigations of general 
locations of interest within the watershed. Finally, the quality of elevation data used 
by this study is likely to limit the accuracy of results based on the coarseness of its 
resolution (30 m). Access to finer resolution elevation data in the future may provide 
better results for watershed planning investigations which employ terrain modeling. 
Summary and Conclusions 
The objective of this research was to develop tools utilizing existing data 
coverages that assist watershed managers in targeting the placement of riparian 
practices established under existing federal or state programs. The methods for 
hydrological modeling procedures, although not without limitations, have been 
shown by others to be appropriate for this use (Tomer and James, 2004). The 
products consist of online mapping services for each watershed which would allow 
land managers the opportunity to better understand surface runoff dynamics and 
existing land use trends throughout the entire watershed, thereby allowing them to 
prioritize conservation efforts. 
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If the methods and tools are deemed valuable through on-site evaluations 
and professional reviews from government and private watershed planners, the 
procedures could be automated to allow similar work to be done in other watersheds 
by beginner-level GIS users. However, many conservation programs and practices 
vary by state and county borders, and any future work in applying similar methods 
needs to be tailored to the specific study area(s), considering resource needs and 
data sources available. 
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Table 4.1. Sources, formats, and values of digital data used by the study. 
Description Format and Values Source Geometry 
Digital elevation Raster (ESRI Meters above mean National elevation dataset 
model (DEM ArcGrid), 30 m sea level (NED) (http://ned.usgs.gov/) 
resolution 
Vector polyline, Center for Agricultural, Resource, and Environmental Perennial streams digitized from 1 m n/a Systems (CARES) 
aerial photography (http://www.cares.missouri.edu/) 
Soil K factors SSURGO soils database (via 
Soil mapping units Vector polygon ranging from 0.23 to CARES) 
0.64 (http://www.cares.missouri.edu/) 
Vector polygon, ForesUbrush; Land cover grassland; water; CARES 
(vegetation) digitized from 1 m urban; cropland (http://www.cares.missouri.edu/) 
aerial photography 
Plat books for Audrain, Boone, 
Landowner tract Vector polygon n/a Macon, Monroe, Shelby boundaries counties (Marceline Mapping, 
2001-2004) 
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Table 4.2. Summary of government programs that are widely available and offer 
regular funding for riparian forest buffer installation/restoration in the 
Crooked Creek, Otter Creek, and Long Branch watersheds of NE 
Missouri. 
Funding/ Supported 
Administrative Riparian Program: Agency: Provides: Buffer Comments: Practices: 
1 . Conservation USDA-FSA Establishment Riparian Forest • 180-foot 
Reserve Program cost-share, Buffer (CP22), max. width1 
(CRP) annual rental Filter Strip • Widespread 
payments, (CP21) and eligibility 
signing Bottom land 
• CP22 
bonuses, and Forest converts 
annual Restoration existing 
maintenance (CP25) cropland or 
payments marginal 
pasture to 
perennial 
vegetation 
• Offers 
continuous 
sign-up 
2. Conservation USDA-FSA Establishment CP21 and • Macon, 
Reserve cost-share, CP22 Monroe, and 
Enhancement annual rental Shelby 
Program (CREP) payments, counties only 
signing • Emphasis on 
bonuses, and sensitive/ 
annual erodible 
maintenance lands 
payments 
• Better 
funding 
incentives 
than CRP 
and extended 
contract 
length 
Maximum width may be extended to address water quality issues where there is evidence of 
scouring or debris deposition 
(Table 4.2 continued on next page) 
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(Table 4.2 continued) 
3. Environmental USDA-NRCS Establishment Riparian Forest • No max . 
Quality Incentives cost-share, plus Buffer (393), buffer width 
Program (EQIP) practice Filter Strip • 60% of funds 
incentives for (391 ), allocated to 
391 and 393 Stream bank livestock-
and Shoreline associated 
Protection concerns 
(580), and 
• Competitive 
Forest Stand ranking 
Improvement process 
(666) 
4. Wildlife Habitat USDA-NRCS Establishment 393, 391 , 580, • No max . 
Incentives cost-share and 666 buffer width 
Program (WHIP) • Emphasis on 
wildlife 
habitat 
• Competitive 
ranking 
process 
5. Missouri MDC Establishment Tree & Shrub • Not available 
Department of cost-share Establishment to acres 
Conservation (MDC 700) and enrolled in 
(MDC) Cost Share Woodland other state or 
Program Improvement federal 
(MDC 900) programs 
6. Missouri MDNR Establishment Filter Strip • To be 
Department of cost-share (DSL-20) eligible, land 
Natural Resources must be 
(MDNR) State Soil subject to 
and Water "excessive 
Conservation erosion" 
Program (SWCP) 
Cost Share 
7. Agricultural MDNR Establishment Riparian Forest • Available in 
Non-point Source cost-share and Buffer (N391 ), the Long 
(AgNPS) Special potential out-of- Filter Strip Branch 
Area Land production (N393), watershed 
Treatment (SALT) payments Stream bank only 
Program Stabilization 
C650 
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Table 4.3. Distribution of high priority sites of the three study watersheds in NE 
Missouri. 
Stream Distribution of high priority sites among total (%) Weighted 
order Crooked Creek Otter Creek Long Branch mean 
1 36 29 37 34 
2 25 24 12 20 
3 12 15 5 11 
4 27 32 18 26 
5 n/a n/a 28 28 
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Figure 4.2. "Stream management units" (SMU's) represent polygons of 
commonly owned riparian areas within 55 m of perennial streams 
(Crooked Creek watershed, Missouri). 
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Figure 4.3. Example screen image of the interactive mapping website 
developed for watershed planning in the Otter Creek watershed, NE Missouri. 
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Chapter 5. General Conclusion 
Summary of Results 
The Crooked Creek, Otter Creek, and Long Branch watersheds of northeast 
Missouri, which drain over 82,000 ha of primarily agricultural land, have similar 
resource concerns and needs. Water quality is an important consideration due to 
the extensive use of Mark Twain Lake as a source of drinking water. Of the three 
sub-watersheds, the Long Branch has the greatest opportunity for additions of 
riparian forest buffers, with over 50% of its first and second order streams lacking 
buffers of sufficient width to meet NRCS minimum recommendations. In this 
context, the Otter Creek watershed placed second in terms of most streams without 
buffers of sufficient width, while the Crooked Creek watershed had the greatest 
amount of existing riparian vegetation along perennial streams. 
Three unique management concerns were identified for sites that were 
deemed high priority, including "wetness," "stream bank and site erosion," and 
"upslope erosion." These concerns were based off of terrain models accounting for 
slope, soil K factors, and drainage area, but nothing more. The distribution of these 
concerns by stream order and by watershed was found to be relatively even, but it 
was apparent that most (51 %) of the high priority sites along first order streams 
consisted of stream bank and site erosion concerns, while upslope erosion concerns 
dominated higher order streams (37% and 57% of high priority sites along fourth and 
fifth order streams, respectively). Overall, the majority (54%) of high priority sites 
existed along first and second order streams. 
The products of this approach are interactive planning maps offered in an 
online format which allows conservation managers and landowners to draw their 
own conclusions regarding the relative need riparian buffer projects and 
opportunities for government funding at different sites. Furthermore, the methods 
that were explored should offer insight to a more practical approach for watershed 
management and planning, with future improvements and modifications in GIS data 
being easy to integrate with the basic principles that were presented. 
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The role of riparian forest buffers for maintaining wildlife habitat connectivity, 
offering alternative financial crops, and improving ecological landscape diversity and 
aesthetic qualities is generally well understood and accepted. However, the 
biological, chemical, and physical processes which dictate the degree to which 
buffers function for improving and maintaining water quality are not as well 
documented or agreed upon, especially because of the numerous scales on which 
they operate. Much of what is known about how these dynamic natural communities 
help to enhance waterways has been summarized in Chapter 2 of this thesis, but 
that discussion was limited to what is readily applicable to terrain modeling and GIS 
analysis. While the number of landscape variables that are accounted for by this 
study may be small in relation to what we don't yet know or are able to effectively 
capture within the realm of GIS, they do provide a foothold by which to start. Indeed, 
if even some of the variables may be held constant or modeled to the appropriate 
scale, watershed planners in the future will have a better chance of achieving fully 
integrated water resources management tools. 
Currently, watershed planners have a variety of options to prioritize future 
establishment of riparian BM P's. If the assumption is made that all streams in a 
watershed ought to be afforded some degree of protection by perennial riparian 
vegetation, the task of identifying crucial sites is simplified: those sites which are 
currently void of riparian buffers need to be targeted first, while sites that already 
have natural riparian forest communities can be left alone for the time being. 
However, the results from Chapter 4 show that high priority sites with valid 
management concerns occur throughout the watershed, regardless of existing 
vegetation. This suggests that those sites need to be investigated to ensure that 
proper water quality functioning is taking place and that measures are being taken to 
promote healthy, diverse, and active buffer plant communities. However, sites that 
are deemed high priority and which also lack on-site buffer vegetation would logically 
represent areas of the greatest need for conservation attention. 
Overall, the tools and methods that were explored in this study are quite 
suitable for this application. However, if future work in the field of watershed 
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planning is done utilizing similar methodologies, researchers need to take full 
advantage of the improvements that continue to be made in GIS and spatial data. 
This includes the incorporation of higher resolution and more accurate OEM's, 
inclusion of groundwater resources into buffer placement models, anthropogenic 
modifications to the hydrologic system (artificial drainage, ditches, impervious 
surfaces, railroads, fence lines, urban areas, etc.), and the impact of livestock and 
other agricultural practices at the field scale. 
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